where
The Weibull parameters (ai,gi) describing the strength distribution for the material are determined experimentally from uniaxial tests [3, 4] . (6) are considered as random variables, then the reliability of a layer under a specified load can be stated as the probability that the value of f is less than one for that load.
Rza_,, = Pr(f < 1) (
The integrations necessary for a direct calculation of the reliability are intractable.
For this reason, a Monte Carlo computer simulation is normally used for the analysis [6, 7, 9, 11] . Through inversion of the probability distribution function for the Weibull random variable Xi, a set of realizations for Xi is obtained. Applying the failure function given in Equation (6) to the simulated sample population allows for a statistical determination of the reliability [i.e. Pr(f < 1)] for a given stress state. If the volume of the test specimen is different from the volume of the lamina under consideration, there is only one way to apply a volume correction consistent with weak link modelling, mainly this is to scale the reliability itself using the known volume of the test specimen, and not to scale the individual strengths independently.
where: 
the failure density function, ¢, becomes,
Equation ( thus in an n-ply laminate there are n failure units. This assumption is implicit in using an interactive criterion. where P_j is the reliability of the jth mode of layer i and is computed by appropriately partitioning Equation(4). An upper bound reliability limit determination can be made by taking an opposite approach, that is to say by assuming a strongest link theory. Such a statement assumes the influence of the laminate upon the individual failure elements to dominate, so that ultimate failure of the laminate will not occur until every individual unit has failed. Thus the probability of failure for the laminate is given by the product of the probabilities of failure for the individual units. In terms of reliabilities this gives the following expressions for the upper bound limits: for ply failure considerations, and for modal failure considerations,
Modal failure considerations
Note that in this formulation, ifa particular mode is not loaded, and thus has a modal reliability value of///j = 1.0, the product term in Equation (14) Thus the problems which must be addressed are:
• Defining what constitutes a failure and when it occurs.
• Detailing the method of load redistribution from the failed element.
• here the r's and A0's represent the load percentages and the relative angles, respectively.
As in the orientation sensitive case, any load which cannot be locally redistributed due to previous failures in the neighboring plies will be globally distributed.
Tapered
Redistribution, Orientation Insensitive:
The load is distributed among the four neighboring layers. The two immediately adjacent layers receive one third of the total load each, and the two outside layers each accept one sixth of the loading. Here again, arty load which cannot be distributed locally is done so globally.
The load is redistributed among the four neighboring plies with a functional dependence existing between the fractional distribution of the load and the relative angles between the respective layers and the failed layer. The redistribution scheme is presented below, using similar notation to above: 
Results and Example

Calculations for GR/EP Laminates
In this section, example calculations for various laminates will be presented using the simulation techniques developed in the previous sections.
As a first example, a [0/+ 15], GR/EP laminate under uniaxial loading is examined using an interactive failure criterion. One thousand failure loads were simulated for each redistribution scheme, and identical results were achieved for each scheme. The distribution function was approximated using a median ranking (see Appendix A). The reliability versus load results are presented in Figure(6 ).
Figure(6) also contains reliability limit information calculated using the method of Section(3). It is seen that these limits do indeed bound the predicted reliability values. For this particular case, the choice of redistribution scheme used in the simulation had no effect on the calculated reliability. Though this result is somewhat unexpected, one explanation is that this is due to the small relative orientation between the layers. The laminate can attain a rather large load before the ±15°layers begin failing. These layers should have approximately the same strengths; thus it is likely that regardless of which layer fails first, the +15 or -15, the other layer will also fail upon redistribution. This occurrence would leave the 0°layer carrying the entire load ,which it could not sustain, and lead to failure of the laminate.
Figure (7) displays the results for a noninteractive analysis of the same situaution.
With a modal failure criterion, the choice of redistribution scheme had a small but noticeable effect. A local, orientation sensitive redistribution predicted the highest probability of failure for a given load and a global redistribution predicted the lowest, though the difference was generally small. The projected limits given in Section (3) properly bound the predicted reliability.
A similar analysis is presented in Figures (8) and (9), for a [90/± 45/0]a GR/EP laminate.
The results using an interactive failure criterion are shown in Figures(8) .
The effect of of the various redistribution methods is much more pronounced for this case in the high reliability range(_ R > 0.80). The highest reliability at a given load is predicted by a global redistribution, followed by tapered orientation insensitive, local orientation insensitive, tapered orientation sensitive and finally local orientation sensitive. Once again, the limits bound the predicted reliability values.
In Figure(9 ) the results using a noninteractive failure criterion are given. The large difference between the upper and lower bound limits is due to the large difference in lamina orientations.
5
Summary and Conclusions
This paper has presented two methods, non-interactive(PIA) and interactive(MDE), by which the reliability of a single continuous fiber composite lamina may be analysed. At this time insufficient experimental data exists to give any preference to one over the other. The concept of a reliability surface for the lamina in stress space was also presented, and a mapping technique was introduced to transform the surfaces to a non-dimensionalized space where they take on a spherical shape and become material independent.
The individual lamina reliabilities
were then combined to produce formal upper and lower bound limits of reliability for a composite laminate under multiaxial loading. These limits, which do not account for free-edge >.,, This initial loading is derived from the applied load in a way such that the ratios of all the corresponding loading elements remain unchanged, but the value of the initial loading element in the maximum loading direction is set equal to unity. For example, for a specified With the stress states known the f-values may be calculated for each layer using Equation (6) .
From these values, the loading at which the first failure occurs may be predicted using the following expression.
where i corresponds to the various layers. At failure, the load is redistributed.
If further failures occur, the loads corresponding to the newly failed layers must also be redistributed and the layers now remaining checked for further failures. If no additional failures have occurred, the process just described in this section may be used to predict the next failure load.
Part Two: Redistributing the Load of a Failed Ply The f-value of each layer is computed, and if failure has occurred its stiffness matrix is set equal to zero and its loading redistributed locally in the following general manner for all of the redistribution schemes outlined in Section 4.1.
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Step Step 3. Same as Step 2 in Appendix A.
Step 4. Same as Step 3 in Appendix A.
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The occurrence of this event is analogous to reaching the yield stress in a linear elastic-perfectly plastic material; the application of any additional load causes an indeterminantly large deflection.
Part
Three: Reliability Determination
See Part Three of Appendix A.
